Primase, encoded by dnaG in bacteria, is a specialized DNA-dependent RNA polymerase that synthesizes RNA primers de novo for elongation by DNA polymerase. Genome sequence analysis has revealed two distantly related dnaG genes, TtdnaG and TtdnaG 2 , in the thermophilic bacterium Thermoanaerobacter tengcongensis. Both TtDnaG (600 amino acids) and TtDnaG2 (358 amino acids) exhibit primase activities in vitro at a wide range of temperatures. Interestingly, the template recognition specificities of these two primases are quite distinctive. When trinucleotide-specific templates were tested, TtDnaG initiated RNA primer synthesis efficiently only on templates containing the trinucleotide 5-CCC-3, not on the other 63 possible trinucleotides. When the 5-CCC-3 sequence was flanked by additional cytosines or guanines, the initiation efficiency of TtDnaG increased remarkably. Significantly, TtDnaG could specifically and efficiently initiate RNA primer synthesis on a limited set of tetranucleotides composed entirely of cytosines and guanines, indicating that TtDnaG initiated RNA primer synthesis more preferably on GC-containing tetranucleotides. In contrast, it seemed that TtDnaG2 had no specific initiation nucleotides, as it could efficiently initiate RNA primer synthesis on all templates tested. The DNA binding affinity of TtDnaG2 was usually 10-fold higher than that of TtDnaG, which might correlate with its high activity but low template specificity. These distinct priming activities and specificities of TtDnaG and TtDnaG2 might shed new light on the diversity in the structure and function of the primases.
DnaG is usually regulated by DnaB (27, 45) . In E. coli, DnaB helicase stimulates primer synthesis activity, decreases the primase initiation specificity, and prevents overlong primers from forming (3, 19) . E. coli DnaB helicase is a ring-shaped hexameric molecule with a central channel (35) . The interaction between DnaB and DnaG allows the helicase to serve as a mobile docking station, which increases the local concentration of ssDNA template relative to primase, and hence stimulates the activity of primase (9, 29) . This helicase stimulation is cooperative at low helicase concentrations and inhibitory at high helicase concentrations in vitro (19, 29) . As an important component of the replisome, DnaG plays key roles in coordination of leading-and lagging-strand DNA synthesis (53) and coupling of DNA replication to chromosome partitioning and DNA damage response (15, 28) , and it is also indispensable in reactivation of blocked replication forks (16) .
Primases from phages and bacteria that have been studied so far require specific nucleotide sequences to initiate synthesis of RNA primers (13) . For phages, the T7 primase predominantly recognizes sequences containing 5Ј-(G/T)GGTC-3Ј and less frequently recognizes sequences with 5Ј-(A/C)GGTC-3Ј and 5Ј-NTGTC-3Ј (41) . T4 primase recognizes 5Ј-GTT-3Ј and 5Ј-GCT-3Ј (8) , while SP6 primase specifically recognizes 5Ј-GCA-3Ј (47) . For bacteria, the E. coli primase synthesizes RNA primers predominantly on templates containing a 5Ј-CTG-3Ј sequence (3, 55) . Similarly, the primases from Staphylococcus aureus and G. stearothermophilus predominantly initiate RNA synthesis on 5Ј-CTA-3Ј and 5Ј-TTA-3Ј sequences (22, 43) . Interestingly, the specific initiation sequences for the primase from the hyperthermophilic bacterium Aquifex aeoli-cus are comprised of only cytosines and/or guanines, with the preferred initiation trinucleotide sequence 5Ј-CCC-3Ј and two other sequences, 5Ј-GCC-3Ј and 5Ј-CGC-3Ј, to a much lesser degree (26) .
Thermoanaerobacter tengcongensis is an anaerobic, rodshaped, low-GC (37.6%), thermophilic bacterium which was isolated from a freshwater hot spring in China and grows optimally at 75°C (54) . The genome sequence of T. tengcongensis has been determined, showing that 86.7% of its genes are carried on the leading strand of DNA replication (2) . It is interesting that two dnaG genes, named T. tengcongensis dnaG (TtdnaG [TTE1756] ) and TtdnaG 2 (TTE2018), are annotated in the chromosome and likely encode two primases with different sizes. This phenomenon of more than one dnaG gene existing simultaneously in one bacterial chromosome appears to be common in the Firmicutes but has yet to be studied. In the present study, we report the distinct enzyme activities and template recognition specificities of TtDnaG and TtDnaG2, which may play different roles in T. tengcongensis.
MATERIALS AND METHODS
Bacteria, plasmids, and oligonucleotides. E. coli DH5␣ served as the host for cloning experiments, while E. coli BL21(DE3) was used for overproduction of recombinant proteins. E. coli strains were cultured at 37°C in Luria-Bertani (LB) medium with shaking. Kanamycin (50 g ml
Ϫ1
) was supplied when necessary. T. tengcongensis was grown in modified MB medium at 75°C without shaking (2, 54) .
The expression vector pET28a was obtained from Novagen (Madison, WI). The oligodeoxyribonucleotides used as templates for TtDnaG and TtDnaG2 were synthesized by Invitrogen or Sangon (Beijing, China). Each template was purified by urea-PAGE and high-performance liquid chromatography (HPLC) and qualified by mass spectrometry. The 3Ј-OH termini were blocked with a C 3 spacer (26) when necessary.
Sequence alignment and phylogenetic analysis of DnaG proteins. Protein sequence homology analysis was performed using the BLAST service (http://blast .ncbi.nlm.nih.gov/Blast.cgi) and the GeneDoc program (http://www.nrbsc.org/gfx /genedoc/index.html). The phylogenetic tree for DnaG proteins was constructed using the neighbor-joining method (34) with MEGA4 (42) . The topology of the phylogenetic tree obtained was evaluated by bootstrap analysis with 1,000 replications.
Construction of expression plasmids. The open reading frames of TtdnaG and TtdnaG 2 were amplified from T. tengcongensis with the primer pairs ATGGAT CCGCTTATACGAGAGAGTCC/TCCTCGAGCTATGGGTTTCTCTCTTTC and ATGGATCCCACAGAGATTTGGACATT/TCCTCGAGTCACACAACT TCCTTTTG (BamHI and XhoI sites are underlined), respectively. The PCR products were digested with BamHI/XhoI and then cloned into the same sites of the vector pET28a, resulting in the expression plasmids p28TtDnaG and p28TtDnaG2, respectively. For all of these constructs, the PCR-amplified sequences were verified by DNA sequencing.
Protein expression and purification. To overexpress and purify TtDnaG and TtDnaG2, E. coli BL21(DE3) cells harboring p28TtDnaG and p28TtDnaG2 were cultivated in LB medium containing kanamycin to reach an optical density at 600 nm (OD 600 ) of 0.4 to 0.6, at which point IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to a final concentration of 0.5 mM. The induced cultures were allowed to grow for an additional 3 h. The cells were harvested by centrifugation, resuspended in lysis buffer containing 0.3 M NaCl, 10 mM imidazole, and 50 mM sodium phosphate buffer (NaH 2 PO 4 /Na 2 HPO 4 , pH 8.0), and then lysed by ultrasonication. The lysates were centrifuged at 12,000 rpm for 30 min, and supernatants were heated at 70°C for 30 min prior to an additional centrifugation step. The His-tagged recombinant proteins were then purified by use of a Ni 2ϩ -nitrilotriacetatic acid-agarose column (Novagen), followed by gel filtration chromatography through a Superdex 200 10/300 GL column (GE Healthcare). Proteins were concentrated with Amicon Ultrafra-15 concentrators (Millipore) when necessary. The purified proteins were examined by SDS-PAGE, and the protein concentrations were determined by using a bicinchoninic acid (BCA) protein concentration assay kit (Pierce).
RNA primer synthesis assay. The typical 25-l reaction mixture contained 50 mM HEPES (pH 7.5), 100 mM potassium glutamate, 10 mM dithiothreitol, 5 mM magnesium acetate, 100 M (each) ATP, CTP, and GTP in a mixture, 50
P]UTP (3,000 Ci/mmol), 250 ng M13mp18 ssDNA or 1 M synthetic ssDNA template, and the specific primase (1 M or the concentration indicated). Incubations were performed at 70°C (unless indicated otherwise) for 30 min. Reactions were stopped by the addition of 50 l of 3 M sodium acetate (pH 5.2). The RNA products were then precipitated overnight at Ϫ70°C with 100% cold ethanol in the presence of 40 g glycogen. The precipitates were washed with 75% cold ethanol and dissolved in 20 l loading buffer (98% formamide, 0.025% xylene cyanol FF, 0.025% bromphenol blue, 10 mM EDTA, pH 8.0). Samples were heated at 95°C for 3 min, and 5 l was then loaded onto a 20% denaturing polyacrylamide sequencing gel containing 7 M urea and 1ϫ TBE (Tris-borate-EDTA) buffer. After electrophoresis, the gels were analyzed by autoradiography with X-ray film and/or by phosphorimaging with a Storm Phosphor-Imager and ImageQuant software (Amersham). All experiments were performed at least in triplicate.
SPR assay. The binding affinities of TtDnaG and TtDnaG2 for ssDNA templates were detected by surface plasmon resonance (SPR) assays on a BIAcore 3000 system (BIAcore AB, Uppsala, Sweden) as previously described (32), with minor modifications. An SA streptavidin-coated sensor chip was used, which was conditioned 3 to 5 times with 1-min injections of 1 M NaCl and 50 mM NaOH (at 10 l/min) until a stable baseline was observed. The cells were then washed twice with 0.05% SDS in buffer I (10 mM HEPES, pH 7.5, 200 mM potassium glutamate, 10 mM magnesium acetate, 0.005% BIAcore surfactant P20) for 3 min. Afterwards, specific biotinylated single-stranded oligonucleotides were diluted to 100 pM in buffer II (10 mM Tris, pH 8.0, 300 mM NaCl, 1 mM EDTA) and were immobilized until ϳ150 resonance units (RU) were reached through manual injections with a flow rate of 5 l/min. For detection of the interaction, TtDnaG or TtDnaG2 was diluted from 0 to 800 nM with buffer I containing 33 ng/l poly(dI-dC) and injected with the K-inject command. Buffer I was used as the running buffer throughout all binding and dissociation analyses, at a flow rate of 30 l/min. At the end of each cycle, 0.05% SDS was used as regeneration buffer to remove the bound protein. For data analysis, the BIAevaluation 3.0 program (BIAcore AB, Uppsala, Sweden) was used.
RESULTS
Sequence and phylogenetic analysis of TtDnaG and TtDnaG2. T. tengcongensis harbors two dnaG genes in the chromosome. The TtdnaG gene is located in an MMS operon with the organization X-dnaG-rpoD, as observed in many other bacteria (6, 11, 40, 49, 50, 52) , while TtdnaG 2 is located in an unconserved position. This phenomenon of one bacterium encoding more than one DnaG primase seems quite common in the phylum Firmicutes, to which T. tengcongensis belongs. Among the 184 bacteria in this phylum whose genomes have been sequenced, about 35% have at least two dnaG genes per chromosome (data not shown). Phylogenetic analysis of these multiple DnaGs from several selected bacteria along with some other known primases revealed two main DnaG groups (I and II). Both groups were only distantly related to the primases of phages T4 and T7 (Fig. 1A) . The DnaGs in group I, including TtDnaG (600 amino acids [aa]), are likely the actual replicative primases. The bacterial DnaGs that are usually the only primase in the chromosome are all clustered in this group. In contrast, the DnaGs in group II, including TtDnaG2 (358 aa), are usually smaller, and none have been characterized. Therefore, comparative studies of the two DnaGs of T. tengcongensis might provide novel knowledge on the existence of diverse dnaG genes in a bacterium.
Based on structural and functional information on E. coli DnaG (EcDnaG) (18, 21) , the corresponding domains and motifs of TtDnaG and TtDnaG2 were deduced (Fig. 1B) overexpressed in E. coli. The purified recombinant TtDnaG and TtDnaG2 proteins were then subjected to RNA primer synthesis analysis at different temperatures ranging from 37 to 85°C, with M13mp18 ssDNA as the template. The results indicated that both TtDnaG and TtDnaG2 could synthesize RNA polymers on the M13mp18 ssDNA template at a wide range of temperatures ( Fig. 2A ). Under these in vitro conditions, TtDnaG synthesized RNA primers with lengths corresponding to 7 to 59 nucleotides (nt) ( Fig. 2A , left panel), while a much wider range of RNA products were synthesized by TtDnaG2 ( Fig. 2A , right panel). Since 70°C is close to the optimal growth temperature of T. tengcongensis, 75°C, it was used as the standard priming assay temperature in this study.
When several random templates were assayed, two 59-nt ssDNAs with complementary sequences, named GA 59 and TC 59 (Table 1) , were found to support RNA primer syntheses by both TtDnaG and TtDnaG2 (Fig. 2B) . Similar to the case with the M13mp18 ssDNA template ( Fig. 2A) , the patterns of the RNA primers generated by the two primases from these oligonucleotides were also different. The RNA products of TtDnaG were distributed from 10 to 16 nt, but those of TtDnaG2 were distributed over a much wider range, from smaller than 7 nt to longer than 59 nt, even longer than the lengths of the templates (59 nt) (Fig. 2B ). When the templates were omitted in the reaction mixtures, no RNA products were generated by either TtDnaG or TtDnaG2 (Fig. 2) , indicating that the RNA priming activities of both TtDnaG and TtDnaG2 were strictly template dependent.
Specific initiation sites of TtDnaG on templates derived from GA 59 and TC 59 . Since template recognition specificity is a common feature of primases from bacteria and phages, so far as we know (8, 13, 22, 26, 41, 47, 55) , it would be interesting to investigate whether TtDnaG and TtDnaG2 require specific recognition sequences to synthesize RNA primers de novo.
Since both GA 59 and TC 59 (Fig. 2B ) could be utilized efficiently by TtDnaG and TtDnaG2, a series of ssDNA templates derived from both GA 59 and TC 59 , with lengths of ϳ20 nt, were selected as the test templates to search for possible specific initiation sequences of the two TtDnaGs. While mainly nonspecific RNA polymers were synthesized by TtDnaG2, fortunately a predominant and specific RNA primer product (ϳ10 nt) was generated by TtDnaG on the template TC10 (Table 1) , which was derived from TC 59 (Fig. 3A and B, lanes 1) .
To identify the specific initiation sites of TtDnaG in TC10, additional templates derived from TC10 by sequence deletion (2 nt deleted each time) from its 5Ј or 3Ј terminus were investigated further. Deletions from the 5Ј terminus of TC10 led to progressively shorter RNA products (Fig. 3A, lanes 2 to 4) . Further deletions from the 5Ј terminus up to the sequence 5Ј-(A)CGCTATCCAGT-3Ј abolished the ability to support primer synthesis by TtDnaG (Fig. 3A, lanes 5 and 6) . In contrast, when the sequences of TC10 were deleted from the 3Ј terminus, the sizes of the RNA polymers did not change at first (Fig. 3A, lanes 7 to 10) . When the 3Ј-terminal deletion occurred from 5Ј-ATTTTTTGCCGC-3Ј to 5Ј-ATTTTTTGCC-3Ј, the specific and predominant RNA primer disappeared immediately (Fig. 3A, lane 11) . These results suggest that the important recognition sequence of TtDnaG on TC10 lies within the sequence 5Ј-GCCGC-3Ј, the GC-rich region. There were 8 GC-rich regions in total in GA 59 and TC 59 (Table 1) , and we relocated these GC-rich sequences (indicated by "X") into templates with the sequence 5Ј-A 6 XA 6 -3Ј to test if there were additional initiation sequences for TtDnaG. We also tested 4 other templates in which X was a homohexamer of one kind of nucleotide (T, A, G, or C) (Fig. 3B) . We selected dA 6 for the flanking sequences because TtDnaG could not utilize oligo(dA) 18 to synthesize any RNA primers (Fig.  3B, line 11) , and thus we could neglect the effect of the flanking dA 6 on the specific sequences tested. From the results shown in Fig. 3B , we concluded that TtDnaG could recognize the sequences 5Ј-AGCGGC-3Ј, 5Ј-TGCCGC-3Ј, and 5Ј-CCCCC C-3Ј (Fig. 3B, lanes 3, 8, and 13) . The 5Ј-AGCGGC-3Ј sequence might be the initiation site for TtDnaG on GA 59 ( Fig.  2B ; Table 1 ), while the 5Ј-TGCCGC-3Ј sequence pointed to the initiation sites for TtDnaG on TC 59 ( Fig. 2B ; Table 1 ) and TC10 ( Fig. 3A; Table 1 ), and 5Ј-CCCCCC-3Ј could be an additional initiation site for TtDnaG. Notably, several abortive RNA products with smaller-than-expected lengths were synthesized by TtDnaG from three other GC-rich sequences (Fig.  3B, lanes 4, 7, and 9 ), which are discussed later.
To further determine the specific initiation nucleotides of TtDnaG within the three identified sequences, we relocated the possible trinucleotides, tetranucleotides, and pentanucleotides from 5Ј-TGCCGC-3Ј (with AGCGGC and CCCCCC to be investigated later) into the supporting template sequence 5Ј-AATA 5 XA 6 -3Ј, where X was TGC, CCG, CGC, GCC, CGG, TGCC, CCGC, GCCG, or GCCGC. Unexpectedly, none of the five templates containing a trinucleotide (TGC, GCC, CCG, CGC, or CGG) could support RNA primer synthesis (Fig. 3C, lanes 5 to 9) . However, a template containing the tetranucleotide 5Ј-CCGC-3Ј (Fig. 3C, lane 3) , but not 5Ј-TGCC-3Ј or 5Ј-GCCG-3Ј (Fig. 3C, lanes 2 and 4) , could support RNA primer synthesis. Consequently, a template containing 5Ј-GCCGC-3Ј could also be used for initiation, as it contains the same specific tetranucleotide (Fig. 3C, lane 1) . This is quite interesting, as unlike the specific recognition of trinucleotides reported so far for many other bacterial primases, TtDnaG recognizes a specific tetranucleotide (5Ј-CCGC-3Ј) composed entirely of cytosines and guanines. Investigation of initiation specificity of TtDnaG by use of templates containing all 64 trinucleotides. To determine whether TtDnaG could initiate RNA primer synthesis specifically from trinucleotides, we located all 64 potential trinucleotides into 16 different templates with the sequence 5Ј-A 6 XA 6 -3Ј. In each template, the X represents a carefully designed hexanucleotide sequence containing 4 different combinations of trinucleotides derived from TEOS1 and TEOS2 (26) . With these 16 templates, we identified that the template containing 5Ј-GGCCCA-3Ј could be used specifically for initiation by TtDnaG, as a predominant and specific RNA product with the expected length was synthesized (Fig. 4A, lane 12) . Similarly, when the possible trinucleotides, tetranucleotides, and pentanucleotides in 5Ј-GGCCCA-3Ј were investigated further, it was revealed that TtDnaG could initiate RNA primer synthesis on templates containing the trinucleotide 5Ј-CCC-3Ј (Fig. 4B , lane 4) but not on templates containing any other trinucleotides (Fig. 4B, lanes 5 to 8) . Interestingly, templates with 5Ј-GGCCC-3Ј and 5Ј-GCCC-3Ј, which contain 5Ј-CCC-3Ј plus additional guanines, were more efficient than 5Ј-CCC-3Ј in supporting RNA primer synthesis of TtDnaG (Fig. 4B, lanes 1,  3, and 4) .
It is noteworthy that faint RNA products were also synthesized when a template containing 5Ј-TCCTGT-3Ј was used (Fig. 4A, lane 5) . Further investigation revealed that no trinucleotides, tetranucleotides, or pentanucleotides within this hexanucleotide were able to support RNA primer syntheses by TtDnaG (data not shown). We thus supposed that these faint RNA products might be due to nonspecific synthesis by TtDnaG. Therefore, detection of the initiation specificity of TtDnaG with all 64 trinucleotides showed that only the trinucleotide 5Ј-CCC-3Ј, comprised entirely of cytosines, could be used efficiently for initiation by TtDnaG.
Investigation of initiation specificity of TtDnaG by use of templates containing all 16 GC-only tetranucleotides. Since the specific initiation sequences of TtDnaG revealed thus far, i.e., the trinucleotide 5Ј-CCC-3Ј (Fig. 4B, lane 4) and the tetranucleotide 5Ј-CCGC-3Ј (Fig. 3C, lane 3) , are comprised entirely of cytosines and/or guanines, it would be interesting to investigate whether other GC-only tetranucleotides could support RNA primer syntheses by TtDnaG. For this purpose, templates containing all 16 corresponding tetranucleotides were investigated. In addition to the two previously identified tetranucleotides, 5Ј-CCGC-3Ј and 5Ј-GCCC-3Ј (Fig. 4C, lanes  10 and 11) , the tetranucleotides 5Ј-CCCC-3Ј and 5Ј-CCCG-3Ј, containing 5Ј-CCC-3Ј, could also be used efficiently by TtDnaG (Fig. 4C, lanes 4 and 5) . Four other tetranucleotides, 5Ј-CGCC-3Ј, 5Ј-CGGC-3Ј, 5Ј-GGGC-3Ј (Fig. 4C, lanes 6, 8, and 16), and 5Ј-GGCC-3Ј (Fig. 4C, lane 12, and B, lane 2), were found to be used for initiation by TtDnaG, to a much lesser degree. Obviously, the specific initiation nucleotides in 5Ј-AG CGGC-3Ј and 5Ј-CCCCCC-3Ј (Fig. 3B, lanes 3 and 13) were the tetranucleotide 5Ј-CGGC-3Ј (Fig. 4C, lane 8) and the trinucleotide 5Ј-CCC-3Ј (Fig. 4B, lane 4) , respectively. Similarly, templates (5Ј-AGCGGC-3Ј and 5Ј-CCCCCC-3Ј) with guanines or cytosines flanking the initiation nucleotides 5Ј-CGGC-3Ј or 5Ј-CCC-3Ј could be used more efficiently.
Therefore, the specific initiation sequences of TtDnaG are mainly several tetranucleotides (Fig. 4C) and only one trinucleotide sequence (5Ј-CCC-3Ј) (Fig. 4B) , and these sequences are comprised entirely of cytosines and/or guanines. This is quite novel and might be a thermoadaptation of this primase from a thermophilic bacterium.
No specific initiation sequence for TtDnaG2. At the same time as the above analyses, all templates tested above were also subjected to RNA primer synthesis analysis with TtDnaG2. Several typical results for selected templates, containing all 64 trinucleotide sequences or GC-rich trinucleotides or tetranucleotides, as well as oligo(dA) 18 , are shown in Fig. 5 . All templates tested could efficiently support RNA polymer synthesis by TtDnaG2. Thus, unusually, TtDnaG2 has no apparent template specificity for RNA primer synthesis.
Notably, apart from the short RNA products, TtDnaG2 tended to synthesize RNA polymers that were even longer than the templates (Fig. 2B and Fig. 5 ). These longer products were not likely extended from the 3Ј-OH termini of the DNA templates, as the longer RNA primers (which could be degraded by RNase) were still generated by TtDnaG2 when the 3Ј-OH termini of the templates were blocked with a C 3 spacer (Fig. 5A) . The exact reason remains to be investigated and is discussed further below.
Comparison of template binding affinities of TtDnaG and TtDnaG2. To understand the possible reasons that TtDnaG and TtDnaG2 exhibited distinct priming activities and template initiation specificities, the template binding affinities of these two proteins were compared by SPR assays with the templates TC10-9, TC-M1, and TC-M2 (Fig. 6A) . The template TC10-9 contained the 5Ј-CCGC-3Ј recognition sequence of TtDnaG and supported efficient primer synthesis by TtDnaG (Fig. 3A, lane 10) . Templates TC-M1 and TC-M2 did not support primer syntheses by TtDnaG due to a single-base mutation. All three templates could serve for RNA primer syntheses by TtDnaG2 (data not shown). As shown in Fig. 6A , template TC10-9 was bound by TtDnaG with a K D (equilibrium dissociation constant) of 221 nM (Fig. 6A, panel a) , whereas the affinities for templates TC-M1 and TC-M2 were lower, with K D values of 370 nM and 550 nM, respectively (Fig.  6A, panels c and e) . These results demonstrated that the binding affinity of TtDnaG for a template with a specific initiation sequence was higher than those for templates with mutant sequences at room temperature. Significantly, TtDnaG2 bound to the three templates with K D values of 33.1 nM, 44.5 nM, and 51.4 nM, respectively (Fig. 6A, panels b, d, and f) . Thus, the binding affinities of TtDnaG2 were almost 10-fold higher than those of TtDnaG and were less different among the three tested templates.
To understand the relationship between the template binding activities detected by SPR assay at room temperature (25°C) and the RNA priming activities detected at 70°C, the enzyme activities of TtDnaG and TtDnaG2 were further compared at different temperatures as well as different template concentrations. First, when assays were performed at temperatures ranging from 25°C to 70°C, with a constant template concentration (5 M TC10), it was obvious that the RNA primer syntheses (measured by the amount of [␣-32 P]UTP incorporated) of TtDnaG2 were always more efficient than those of TtDnaG, while the general trends of enzyme activities in this temperature range were similar, with the highest activity at 55°C for both proteins (Fig. 6B) . Second, when template concentration dependences of these two enzymes were compared, it was clear that TtDnaG2 could synthesize RNA primers at template concentrations as low as 5 nM at 25°C, while TtDnaG could only weakly synthesize RNA primers even at a 10-fold-higher template concentration of 50 nM (Fig. 6C, left  panel) . This is quite consistent with the SPR experiment results showing that the binding affinities of TtDnaG2 were almost 10-fold higher than those of TtDnaG at room temperature (Fig. 6A) . Importantly, similar results were also observed at 70°C (Fig. 6C, right panel) , although the RNA priming activities of both enzymes at this temperature were a little lower than those at 25°C. Since the minimum template concentration for TtDnaG2 was also about 10-fold lower than that for TtDnaG at 70°C (Fig. 6C, right panel) , it could be speculated that the template binding affinity of TtDnaG2 might also be approximately 10-fold higher than that of TtDnaG at such a high temperature. Thus, we presumed that the high template binding affinity of TtDnaG2 might be an important reason for its high priming activity as well as low template specificity.
DISCUSSION
Two distantly homologous dnaG genes were annotated in the genome of the thermophilic bacterium T. tengcongensis. This phenomenon of more than one dnaG gene per chromosome is widespread in the phylum Firmicutes, to which T. tengcongensis belongs. Phylogenetic analysis revealed that these DnaGs are divided into two groups, which we labeled groups I and II. TtDnaG and TtDnaG2 from T. tengcongensis are representatives of these two groups, respectively (Fig. 1A) . Thus, comparative study of TtDnaG and TtDnaG2 would provide new information on the diversity in DnaG proteins, which is still poorly understood.
TtDnaG as a thermophilic bacterial replicative primase with a novel GC-only recognition sequence. Taking into account all the results of protein sequence alignment, phylogenetic analysis, gene distribution pattern on the chromosome, and sequence recognition specificity, it becomes clear that TtDnaG is the ordinary replicative primase in T. tengcongensis. TtDnaG is homologous to and shares a similar molecular size (ϳ600 aa) with the previously identified bacterial primases, e.g., the DnaGs from E. coli, A. aeolicus, and S. aureus (Fig. 1) . Moreover, like the replicative primases from bacteria and phages (8, 13, 22, 26, 41, 55) , TtDnaG requires specific recognition sequences to synthesize RNA primers de novo. The specific recognition sequences of TtDnaG included not only the trinucleotide 5Ј-CCC-3Ј but also 8 tetranucleotides comprised entirely of cytosines and/or guanines (Fig. 4) . In addition, the tetranucleotides 5Ј-CCCC-3Ј, 5Ј-GCCC-3Ј, and 5Ј-CCCG-3Ј, with additional cytosines or guanines flanking 5Ј-CCC-3Ј, could be used more efficiently by TtDnaG (Fig. 4B  and C) . These GC-only recognition sequences of TtDnaG are reminiscent of those observed in the hyperthermophilic organism A. aeolicus, whose primase preferentially recognizes 5Ј-CCC-3Ј as well as 5Ј-GCC-3Ј or 5Ј-CGC-3Ј, to a much lesser degree (26) . Interestingly, by examining the supporting sequences, 5Ј-CAGA(CA) 5 XYZ(CA) 3 -3Ј, that were used to test the possible initiation nucleotides in A. aeolicus, we found that there is always a cytosine (C) flanking the predicted initiation trinucleotides (26) . Thus, it might be possible that this flanking cytosine assists the trinucleotides in being used for initiation by A. aeolicus primase. If that is so, then the exact recognition sequences of the A. aeolicus primase might be the trinucleotide 5Ј-CCC-3Ј and the tetranucleotides 5Ј-GCCC-3Ј and 5Ј-CGCC-3Ј, which are all in the list of the recognition sequences of TtDnaG. Since both A. aeolicus and T. tengcongensis are low-GC-content thermophilic bacteria, these results suggest that the GC composition in the initiation sequences is important for maintaining the primase-nucleoside triphosphate (NTP)-ssDNA complex during the initiation step at high temperature (26) , as the strong base-pairing strength of G-C versus A-T would provide greater thermostability of this complex.
Preference to GC-only nucleotides (especially tetranucleotides) in priming initiation seemed a novel characteristic of thermophilic primases. It is noteworthy that three GC-rich regions derived from GA 59 and TC 59 could generate abortive RNA products (Fig. 3B, lanes 4, 7, and 9 ). These GC-rich regions contain the tetranucleotide 5Ј-CCAG-3Ј or 5Ј-CCTG-3Ј (Table 1) , just resembling the specific initiation tetranucleotide 5Ј-CCCG-3Ј. These sequences might occasionally support RNA synthesis by TtDnaG. However, since an A-T base pair is less stable than a G-C base pair, these initiation sites would 13) , with the exact sequences of X, including 3 tetranucleotides and 10 trinucleotides, shown at the top of the figure (lanes 1 to 13) . Oligo(dA) 18 was also included (lane 14). M, ssDNA markers as in Fig. 2 make the primase-NTP-ssDNA complex unstable at high temperatures and tend to release abortive RNA products with shorter lengths (Fig. 3B, lanes 4, 7, and 9 ). This observation further supported the hypothesis that the GC-only recognition sequences might represent an adaptation of TtDnaG to hightemperature environments.
TtDnaG2 as a novel primase with unknown but possibly important physiological functions. Although TtDnaG2 (358 aa) is much smaller than TtDnaG, it also exhibited the ability to synthesize RNA polymers, dependent on ssDNA, at a broad temperature range (Fig. 2A) . However, unlike all known replicative primases, TtDnaG2 did not exhibit apparent template ) with the TC10 template (3Ј-OH terminus blocked; 5 M) at temperatures from 25°C to 70°C. The RNA amounts were quantified by phosphorimaging. The relative value of the products of TtDnaG2 at 55°C was assumed to be 100%. Assays were performed in triplicate. (C) RNA primer syntheses by TtDnaG and TtDnaG2 (0.5 M [each]) with decreasing concentrations (from 500 nM to 0.05 nM) of template TC10-9 (3Ј-OH terminus blocked). Assays were performed at both 25°C (left) and 70°C (right). M, ssDNA markers as in Fig. 2. specificity, as it efficiently initiated RNA primer syntheses on all templates tested. In addition, the RNA synthesized by TtDnaG2 was usually very long, even longer than the templates, in vitro ( Fig. 2B and 5 ). These unusual characteristics have made TtDnaG2 more doubtable as an ordinary replicative primase.
The ability of TtDnaG2 to synthesize primers that are longer than the template could be explained by a number of mechanisms. First, the primase might slip repeatedly during synthesis, thereby generating extended products. Second, a primer generated in one round of synthesis might anneal to a second template and be extended by the primase (25) . The high DNA binding affinity and priming activity of TtDnaG2 provide support for these possibilities. Another reason was also conceivable, i.e., that the primase might possess a terminal nucleotidyltransferase-like activity, which adds nucleotides to the 3Ј end of a DNA molecule in a template-independent manner (25) . However, 3Ј-terminal nucleotidyltransferase activity was investigated but was not detectable for TtDnaG2 (data not shown).
Previous proteomic analysis revealed that TtDnaG2 is actively expressed in T. tengcongensis under optimal growth conditions (51) . Although there is limited experimental support, as an in vivo gene manipulation system for T. tengcongensis is still not established, we presume that TtDnaG2 might also play important but unknown roles in this bacterium. It might function in some emergency situations, such as DNA replication restarting after severe DNA damage. The low template recognition specificity of TtDnaG2 provides it with an advantage to function in these situations. Moreover, there is usually a bacterial DnaG orthologue existing in archaea, except for the archaeal two-subunit replicative primase. This DnaG orthologue in archaea has been found tightly associated with some other proteins to form an exosome-like protein complex, which is essential for many pathways of RNA processing and degradation (12) . It would be interesting to investigate whether TtDnaG2 is also associated with other proteins in vivo and plays similar or novel physiological roles.
Implications of structure comparison of TtDnaG and TtDnaG2. Its lack of apparent template specificity (Fig. 5) , much higher ssDNA binding affinity (Fig. 6) , and higher RNA primer synthesis activity ( Fig. 2 and 6B ) make TtDnaG2 distinct from TtDnaG. To gain information on the relevant implications of these differences by structure comparison, the three-dimensional (3D) structures of these two proteins were modeled by using the web-based server Phyre, according to the crystal structure of A. aeolicus primase. Unlike TtDnaG, which has all three complete domains (ZBD, RPD, and DnaB-ID) found in conserved bacterial DnaG primases (Fig. 1B and 7A ), TtDnaG2 has only the N-terminal ZBD and the first two subdomains of RPD (Fig. 7B) , resembling the T7 primase (20) .
There are several structural implications for the biochemical characteristics of TtDnaG2. First, in the zinc finger motif, TtDnaG2 has a longer connecting region between the second and third ␤ sheets (Fig. 7C ) and more basic/hydrophobic residues (Fig. 1B) than TtDnaG. The longer and rigid connecting region with a partial ␣ helix of TtDnaG2 might form a cleft more easily with the ␤ sheets and may generate a tighter protein-DNA interaction, as observed in replication protein A (RPA) and some other proteins (4, 5, 7) . The basic and hydrophobic residues located on the surfaces of the ␤ sheets of ZBD are considered important for ssDNA binding and specific sequence recognition (23, 31) , so the larger number of basic/ hydrophobic residues in TtDnaG2 might also contribute to its higher DNA binding affinity and lower sequence recognition specificity. Second, at the linker region between the ZBD and RPD, TtDnaG2 has an extended polypeptide loop, like T7 primase (20) , while TtDnaG has a longer but more rigid linker with an ␣ helix (Fig. 7D) . The extended loop in TtDnaG2 might make it more flexible than the rigid loop of TtDnaG, hence providing a more efficient switch in bringing together the ZBD and RPD for primer synthesis. In addition, different residues located in other important regions, such as the nonspecific capture and tracking locus site for DNA templates in the N-terminal subdomain of RPD (10), the predicted potential DNA binding site, and the active catalytic site in the TOPRIM subdomain (33) , might also contribute to the different DNA binding abilities and RNA priming activities of TtDnaG and TtDnaG2. Indeed, many similarities to phage primases were found in TtDnaG2, implying that it possibly originated from lysogenic phages and evolved different biochemical and physiological functions in T. tengcongensis. In summary, the two DnaGs in T. tengcongensis have evolved into two distinct primases with significant differences in both structure and function. TtDnaG seems to be more conserved as an ordinary replicative primase and has been well adapted for function at high temperature, while TtDnaG2 is likely involved in other unknown processes. Although several possible reasons for the distinctions between TtDnaG and TtDnaG2 have been implied from the modeled 3D structures, it would be interesting to determine their crystal structures, as well as those of the protein-ssDNA complexes, to gain a more precise and comprehensive view on the structure and function of these DnaG proteins.
